Advanced reproductive age is unequivocally associated with increased aneuploidy in human oocytes, which contributes to infertility, miscarriages, and birth defects. The frequency of meiotic chromosome segregation errors in oocytes derived from reproductively aged mice appears to be similar to that observed in humans, but a limitation of this important model system is our inability to accurately identify chromosome-specific aneuploidy. Here we report the validation and application of a new low-pass whole-genome sequencing approach to comprehensively screen chromosome aneuploidy in individual mouse oocytes and blastocysts. First, we validated this approach by using single mouse embryonic fibroblasts engineered to have stable trisomy 16. We further validated this method by identifying reciprocal chromosome segregation errors in the products of meiosis I (gamete and polar body) in oocytes from reproductively aged mice. Finally, we applied this technology to investigate the incidence of aneuploidy in blastocysts derived from in vitro-and in vivo-matured oocytes in both young and reproductively aged mice. Using this next generation sequencing approach, we quantitatively assessed meiotic and mitotic segregation errors at the single chromosome level, distinguished between errors due to premature separation of sister chromatids and classical nondisjunction of homologous chromosomes, and quantified mitochondrial DNA (mtDNA) segregation in individual cells.
INTRODUCTION
Female gamete quality is dictated by acquisition of both cytoplasmic and meiotic competence [1] . Cytoplasmic competence refers to the ability of the oocyte to accumulate critical stores of maternally derived proteins, mRNAs, and organelles during oogenesis, which are essential for supporting meiotic maturation, fertilization, and early embryo development [2] . Meiotic competence refers to the ability of the oocyte to resume meiosis and undergo two sequential rounds of cell division without an intervening round of DNA replication to ultimately produce a haploid gamete [3] . It is well established that advanced reproductive age is associated with increased chromosome segregation errors in the oocyte during meiosis [4] . For example, the incidence of trisomy increases from 2%-3% to .35% as women age from their third to fifth decades of life [5] . Postfertilization mitotic errors are also present in human preimplantation embryos but occur at a lower incidence in mice [6] . This age-associated increase in aneuploidy contributes to adverse reproductive outcomes including miscarriages, infertility, and birth defects [7] .
Understanding the origins of aneuploidy is essential as more women globally are delaying child bearing [8, 9] . In the United States, for example, 40% of live births are from women .30 years old. When women reach their mid-30s, they experience a decline in both gamete quality and quantity that can contribute to subfertility or infertility [10] . Evidence accumulated from clinical assisted reproductive technology suggests that the maternal age-associated decline in fertility is attributable primarily to deterioration in oocyte quality [3, 11, 12] . More specifically, when women of advanced reproductive age conceive using donor oocytes from reproductively young individuals, implantation and live birth outcomes reflect the age of the oocyte donor [13] .
The most physiologically relevant method for studying the underlying mechanisms of reproductive aging is to analyze gametes from reproductively old animals. The physiologic aging mouse is an increasingly well-accepted model for reproductive aging, and recent studies have demonstrated that, across mouse strains, the mouse exhibits several phenotypes that occur in humans [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . As in humans, reproductively aged mice have significantly fewer ovarian follicles than young controls, and this diminished ovarian reserve translates into altered hormone production, disrupted estrous cyclicity, and reduced fertility [27, 28] . In addition to endocrine alterations and reduced gamete quantity, reproductively aged mice, like humans, have reduced gamete quality. Oocytes isolated from reproductively old mice exhibit 30%-50% aneuploidy depending on strain, mirroring the incidence of common ageassociated trisomies in human oocytes [14, 16, 19, [21] [22] [23] 26] . Use of the mouse model system has produced key insights into the cause of age-associated increases in aneuploidy. Although maternal age effects are likely multifactorial, leading mechanisms include alterations in recombination sites that generate chromosomes susceptible to nondisjunction, insensitive spindle assembly checkpoints, improper microtubulekinetochore attachments, deterioration of chromosome cohesion, and changes in the micromechanical properties of meiotic chromosomes [23, [29] [30] [31] .
A limitation of existing mouse studies is that they are unable to distinguish whether the proposed aneuploidy mechanisms affect all chromosomes equally or whether there is chromosomal specificity. This is in large part due to the lack of established methodologies for comprehensive, affordable, and chromosome-specific evaluation of aneuploidy in individual mouse cells. Routine methods for evaluating aneuploidy in mouse gametes and early embryos include chromosome spreads and fluorescence in situ hybridization [21] . These methods are technically challenging, and the number of chromosomes that can be reliably and efficiently detected in individual cells is low. An in situ chromosome spreading technique has been developed, which allows for accurate chromosome numbers to be determined in the context of intact oocytes [16] . Although this technique has been widely used in reproductive aging studies, it does not provide information about aneuploidy at the resolution of the individual chromosome [14, 19, 32] .
In contrast to the mouse model, methods of comprehensive chromosome screening (CCS) are well established and widely used to assess aneuploidy in human oocytes and preimplantation embryos in the setting of clinical assisted reproductive technology. Aneuploidy assessment during in vitro fertilization (IVF) now involves a variety of methods which allow for analysis of all 24 chromosomes in parallel. Some methods in clinical use involve whole-genome amplification (WGA) with subsequent analysis by array comparative genomic hybridization, single-nucleotide polymorphism arrays, or next generation sequencing (NGS) [33] . One advantage of using WGA and NGS is the ability to amplify and analyze DNA from any species using a published genome sequence. Recently a powerful protocol for genome-wide copy number analysis from single cells has been established using WGA and NGS [34] . Here we report for the first time the validation and application of such methodologies to comprehensively screen aneuploidy and mitochondrial DNA (mtDNA) copy number in individual mouse oocytes and preimplantation embryos. This strategy provides the fields of reproductive science and medicine with a new research tool to improve the basic understanding of mechanisms contributing to maternal ageassociated aneuploidy in mammals.
MATERIALS AND METHODS

Cell Lines
Cell lines included previously characterized mouse embryonic fibroblasts (MEFs) with trisomy 16 female and normal male karyotypes (a generous gift from A. Amon, Massachusetts Institute of Technology, Cambridge, MA) [35] . DNA from large quantities of cells was purified using Qiagen columns as recommended for cell cultures by the supplier (Qiagen, Inc, Valencia, CA). Single cells were obtained using a dissecting microscope as previously described and prepared for cell lysis and WGA as described below [36] .
Animals
Extensive studies in several mouse strains from different laboratories have detailed a reproductive age-associated deterioration in oocyte quality, including an increase in egg aneuploidy [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Because our research goal was methodological and because of the limited availability of aged mice, we performed experiments using two outbred strains (CD-1 and CF1), both of which exhibit prominent reproductive aging phenotypes [17, 19, 24, 26] . We selected the ages of our reproductively young (6-9 wk old) and old cohorts (13.5-19 mo old) based on existing publications to keep consistent with the field [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
In the validation portion of our study examining reciprocal chromosome segregation errors in the oocyte and polar body, oocyte and polar body sample collection was performed at Northwestern University. Gametes were collected from a total of 8 CD-1 female mice (Harlan Laboratories, Indianapolis, IN) of advanced reproductive age (16-19 mo old). Mice were housed in a controlledbarrier facility at Northwestern University's Center of Comparative Medicine under constant temperature, humidity, and light (12L:12D). Food and water were provided ad libitum. In the application portion, the study determining the incidence of aneuploidy in in vitro maturation (IVM)-and IVF-derived blastocysts, sample collection was performed at the National Foundation for Fertility Research. CF-1 mice were obtained from Harlan Laboratories and maintained on a 14L:10D cycle with access to food and water ad libitum. We used a total of 14 females 6-9 wk old (designated young) and 65 females 13.5 mo old (designated aged) for the described experiments. All mice used in this study were retired breeders.
Ethical Approval
All animal experiments were approved by the Institutional Animal Care and Use Committee (Northwestern University) or the National Foundation for Fertility Research Ethics in Research Committee and were carried out in accordance with National Institutes of Health Guidelines and the Society for the Study of Reproduction's specific guidelines and standards.
In Vitro Maturation and Oocyte and Polar Body Processing
To validate WGA NGS-based CCS for accurate detection of aneuploidy in an unbiased manner, we examined mouse polar bodies and oocytes after spontaneous meiotic maturation as is routinely done in studies investigating molecular mechanisms of age-associated increases in egg aneuploidy [14, 16, 25, 26] . Meiosis I (MI) results in an asymmetric reductive division in which homologous chromosomes are segregated between the oocyte and the first polar body. Thus, chromosomes that are lost or gained in the oocyte are reciprocally gained or lost in the first polar body. Thus, NGS of both the oocyte and the polar body represents a useful strategy for additional validation of the CCS methodology.
Ovaries were harvested from each animal and cumulus-oocyte-complexes (COC) were released into Leibovitz L-15 medium (Life Technologies, Foster City, CA) containing 3 mg/ml polyvinylpyrrolidone (Sigma-Aldrich Inc, St. Louis, MO) by puncturing antral follicles with insulin needles. Oocytes were mechanically stripped of cumulus cells and cultured in a-MEM-Glutamax (Life Technologies) medium containing 3 mg/ml bovine serum albumin (MP Biomedicals, Santa Ana, CA) at 378C in a humidified atmosphere of 5% CO 2 in air to induce spontaneous meiotic maturation. Cells were cultured for a total of 14-17 h, and meiotic progression was scored by morphology as assessed by light microscopy. Cells that had extruded the first polar body were arrested at metaphase of MII and were thereby considered mature oocytes. Only mature MII oocytes were used for subsequent processing, and oocytes from individual animals were analyzed separately. Images were obtained using an inverted model DM IRB microscope with 43 and 403 objectives (Leica Microsystems, Buffalo Grove, IL).
To obtain matched oocyte and polar body samples for analysis, we incubated intact oocytes briefly in acidified Tyrode solution (EMD Millipore, Billerica, MA) to remove the zona pellucida. The polar body was gently aspirated from the oocyte, and matched polar body and oocyte samples were washed in hypotonic wash buffer (HWB) and snap frozen individually in a sterile PCR tube containing 1 ll of HWB on a dry ice and ethanol bath. HWB alone served as the negative control, and HWB remaining from a wash drop served as background. All samples were shipped to Reproductive Medicine TREFF ET AL.
Associates of New Jersey, where further processing, sequencing, and analysis were performed.
Blastocyst Production and Processing
To apply WGA NGS technology to the investigation of aneuploidy in mice using a more physiologic model, we generated embryos by IVM or in vivo ovulation (IVO) of oocytes followed by IVF using young and aged females. Our objective was to determine whether NGS-based CCS would identify differences between these distinct age groups (young vs. aged) and oocyte maturation methods (IVM vs. IVO). To obtain COC for IVM, mice were stimulated with 5 IU of pregnant mare's serum gonadotropin (PMSG; Calbiochem, Billerica, MA) administered by i.p. injection. Ovaries were harvested 46 to 48 h after PMSG injection, and COCs were recovered (composition of maturation and culture media were described previously [24] ); all incubation steps were performed at 378C in 7.5% CO 2 and 6.5% O 2 [37] [38] [39] . From the COC recovered, only those with several layers of compact cumulus cells were selected and subsequently matured in vitro (10 COC per 50-ll drop under oil immersion [Ovoil; Vitrolife, Gothenburg, Sweden) for 18 h and then used for IVF. To obtain in vivo-matured oocytes, 46 to 48 h after PMSG ovulation was stimulated with 5 IU of human chorionic gonadotrophin (Calbiochem); fully-expanded COC were collected from the oviduct 16 h later. Mature oocytes were fertilized (10 COC per 50-ll drop under oil immersion) using spermatozoa from B6D2F1 males (!8 wk old) at a final concentration of 1 3 10 6 sperm/ml. Gametes were co-incubated for 6 h. After IVF, presumptive zygotes (10 per 20-ll drop under oil immersion) were placed in the first step of a sequential culture medium. Cleavage was evaluated 24 h post IVF, and embryos that had not cleaved and/or had fragmented were removed from culture. Embryos were moved into step 2 medium after 48 h of culture, and blastocysts were collected following 96-116 h of culture. Zona pellucidae were removed using acidified Tyrode solution. Single whole blastocysts were washed in Dulbecco phosphate-buffered saline (Life Technologies) plus 0.01% polyvinylpyrrolidone (Sigma-Aldrich) and then transferred to HWB. Individual blastocysts were picked up and placed into sterile PCR tubes in 1 ll of HWB. Samples were stored at 2-88C and shipped to Reproductive Medicine Associates of New Jersey where further processing, sequencing, and analysis were performed. Differences in the incidence of aneuploidy between the type of oocyte maturation within age were analyzed using the Fisher exact test. A P value of ,0.05 was considered statistically different.
Whole-Genome Amplification
Single fibroblast cells, first polar bodies, oocytes, and blastocysts were lysed in alkaline lysis buffer as previously described [40] and processed using the GenomePlex WGA4 kit as recommended by the supplier (Sigma-Aldrich). WGA DNA was purified using GenElute PCR cleanup columns (SigmaAldrich) and quantified using a Nanodrop 8000 spectrophotometer (Fisher Scientific Inc., Waltham, MA).
Next Generation Sequencing
WGA DNA was normalized to 200 ng in a total volume of 35 ll of molecular biological grade water (Lonza, Rockland, ME). Ion Plus fragment library kit, Ion Xpress Plus fragment library kit, and Ion Xpress barcode adapters 1-96 kit were used to construct the WGA library as recommended by the supplier (Life Technologies). WGA DNA was fragmented with Ion Shear Plus reagent for 20 min to generate 150 to 250 base pair fragments. Fragmented DNA was then purified with Agencourt AMPure XP reagent beads as recommended (Beckman Coulter Inc., Brea, CA). Barcoded adapter ligation and nick repair were performed, followed by another Agencourt AMPure XP reagent bead purification. A peak size of 270 base pairs was selected with an EGel SizeSelect agarose gel (Life Technologies). Size-selected DNA was amplified with 8 cycles, using Platinum PCR SuperMix High Fidelity (Life Technologies). After Agencourt AMPure XP Reagent bead purification, 1 ll of amplified library was assessed with D1k ScreenTape (Agilent Technologies Inc., Wilmington, DE). Individual libraries were diluted to 100 picomolars with low-Tris-EDTA buffer (Life Technologies). Equal amounts taken from each of 24 samples (including 4 normal male control samples) were pooled for one Ion PI Chip V2 (Life Technologies). Ion Sphere particles containing clonally amplified DNA were prepared with Ion PI template OT2 200 kit version 3, and the template-positive Ion Sphere particles were then enriched with the Ion OneTouch ES (Life Technologies). The enriched template-positive Ion Sphere particles were then sequenced with Ion PI Chip V2 and Ion PI sequencing 200 Kit v3 using the Ion Proton instrument (Life Technologies).
Data Processing and Mapping
Ten bases were trimmed from the 5 0 and 3 0 ends of each reading, and trimmed reads were aligned to the reference Mus musculus genome (mm10) using Bowtie2 version 2.1.0 software (Bowtie; http://bowtie-bio.sourceforge. net/bowtie2/index.shtml) with the ''sensitive-local'' preset mode. The number of reads mapping to each chromosome were counted using SAMtools version 0.1.19 software (http://samtools.sourceforge.net), ignoring alignments with MAPQ ,20. The number of mapped reads averaged 2.0 6 1.2 million per sample by using this protocol. Average depth of coverage was 0.10 6 0.06 X. The mean read length ranged from 63 to 125 base pairs.
Calculation of Chromosomal Copy Numbers
For each sample, the read count for each chromosome was divided by the average read count across all autosomes for that sample, that is, the normalized read count for chromosome i in sample j, denoted normcount ij , is given by
, where c mj are the raw read counts for sample j, and A is the set of autosomes. Next, for each chromosome i in sample j, the normalized read count was divided by the mean of the normalized read counts for the chromosome across all euploid male reference samples. To obtain the copy number, this result was multiplied by 2 for autosomes or multiplied by 1 for sex chromosomes:
where R is the set of euploid reference samples, and S is the set of sex chromosomes. To establish a threshold for an aneuploid versus a euploid chromosome, we plotted the chromosomal copy number values obtained from samples with confirmed aneuploidies including the trisomy 16 MEF samples and reciprocal aneuploidy polar body and oocyte samples (chromosomes 11 and 12 from animal A, chromosome 15 from animal E, and chromosome 7 from animal G) ( Table 1) . We generated distributions for monosomy, disomy, and trisomy and obtained the midpoint between the minimum disomy and maximum monosomy for monsomy cutoff designation, and the maximum disomy and minimum trisomy for the trisomy cutoff. Chromosomes with copy number values ,1.415 (monosomy) and .2.625 (trisomy) were considered aneuploid (Supplemental Fig. S1 ; supplemental data are available online at www.biolreprod.org).
Relative Mitochondrial DNA Assessment
Mitochondrial genome read counts were sufficient to make predictions of relative copy numbers in all cases. The number of reads, which aligned to the mitochondrial genome, was normalized by dividing it by the total sum of reads aligning to the autosomes from the same sample. Because the first polar body and remaining oocyte contained the same amount of chromosomal DNA following meiosis I, the normalized values were directly comparable to one another. Therefore, in order to determine the percentage of mitochondrial DNA which segregated to the first polar body relative to remaining oocyte, the normalized polar body mitochondrial DNA read counts were divided by the same value obtained from the remaining paired oocyte. WHOLE-GENOME SEQUENCING FOR ANEUPLOIDY
RESULTS
NGS-Based CCS Successfully Identifies Aneuploidy in Single Mouse Cells
To validate WGA and NGS in individual mouse cells, we evaluated the technique by sequencing genomic DNA isolated from pooled cells known to possess trisomy 16 (Fig. 1A) . Specifically, we used female MEFs engineered to carry a stable trisomy (chromosome 16) [35] . Using these cells, we were able to detect the presence of the extra copy of chromosome 16 and zero copies of chromosome Y, as expected (Fig. 1A) . We next extended this technique to single cells from the same cell line and a known normal male cell line by incorporating WGA. We were able to amplify DNA from single cells (291.2 6 26.4 ng/ ll of DNA/fibroblast cell) and obtain accurate chromosomespecific copy number assignments for both of these cell types (Fig. 1, B and D) . As expected for the aneuploid female MEFs, the copy number for all autosomes (1-19) was 2, except for chromosome 16, which had a copy number of 3, reflecting the stable trisomy (Fig. 1C) . In addition, given the sex of the cell line, there was a copy number of 2 for the X chromosome and zero for the Y chromosome (Fig. 1C) . For the euploid male MEFs, the copy number for all autosomes was 2, but the sex chromosomes (X and Y) each had a copy number of 1 (Fig.   1D ). Taken together, these findings validate the application of CCS using WGA and NGS to individual mouse somatic cells.
NGS-Based CCS Successfully Detects Reciprocal Errors Due To Premature Separation of Sister Chromatids and Homologous Chromosome Nondisjunction in Polar Bodies and Oocytes
To perform reciprocal oocyte and polar body sequencing, we isolated fully grown germinal vesicle-intact oocytes from COC and obtained mature MII oocytes following IVM (Supplemental Fig. S2, A and B) . Gametes from reproductively aged mice were used for this validation study because this population is known to have increased aneuploidy [31] . We used oocytes derived from spontaneous IVM rather than in vivo ovulation because polar bodies following IVM tend to be larger and more stable than those obtained following ovulation [41] . In addition, IVM has been routinely used as a model for studying chromosome segregation errors during meiosis [14, 16, 17] . Using this approach, we collected an average of 15 6 3 oocytes from 8 individual CD-1 mice ranging in age from 15-19 months. Following IVM, approximately 80% (range 57%-96%) of oocytes from these reproductively aged mice resumed meiosis and reached MII (Supplemental Fig. S2, B and C) . 
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Using these mature oocytes, we separated the oocyte from the first polar body and then performed WGA and NGS using these matched cells (Fig. 2, A and B) [42] . We amplified 345.1 6 36.7 ng/ll of DNA/polar body and 338 6 30.2 ng/ll of DNA/oocyte (Fig. 1B) . We performed sequencing using a total of 40 matched first polar body and oocyte samples, representing a subset of 2-8 oocytes per mouse. We obtained interpretable sequencing data from 37 of 40 oocytes and 35 of 40 polar bodies ( Table 2 ). The remaining sequencing data from the oocytes (3 of 40) and polar bodies (5 of 40) were considered chaotic due to the noise level in the observed copy number assignment patterns. Such patterns could potentially reflect complex aneuploidy, biological mosaicism, sample degradation, or methodological artifacts (Table 2 and Supplemental Fig. S3 ). Because we were unable to distinguish among these possibilities, we considered these data nonresults, unless we were able to obtain clear sequencing results from the reciprocal polar body or gamete ( Table 1) . As expected, euploid mouse oocytes and their matched polar bodies had a copy number of 2 for all nineteen autosomes and the X chromosome but a copy number of zero for the Y chromosome (Fig. 2, C and D) . Any copy number pattern that differed from this was considered aneuploid. In the subset of 40 oocytes that were sequenced, we observed an overall aneuploidy incidence of 15% (6 of 40 oocytes) and a euploidy incidence of 85% (34 of 40 oocytes) ( Table 1) . From an individual animal standpoint, 6 of 8 mice had aneuploid oocytes, with an incidence ranging from 13% to 20%, whereas 2 mice did not (Table 1 ).
In the 6 aneuploid oocytes, we identified chromosome segregation errors in seven different autosomes: 2, 5, 7, 9, 11, WHOLE-GENOME SEQUENCING FOR ANEUPLOIDY 12, and 15 (Table 1 and Figs. 3 and 4) . In five of the oocytes, the aneuploidy was attributed to premature separation of sister chromatids (PSSC). This was evident as a reciprocal gain or loss of a single chromatid, or a copy number of three or one for a particular chromosome(s), in the respective matched oocyte and polar body samples (Table 1 and Fig. 3 , A and B, chromosomes 2, 5, 7, 11, 12, and 15) . In one oocyte, we identified nondisjunction of chromosome 9 homologs that resulted in a copy number of 4 in the polar body and a reciprocal copy number of zero in the oocyte (Table 1 and Fig. 3, C and D). In the majority of the aneuploid oocytes (5 of 6), we detected the mis-segregation of a single chromosome/ chromatid. However, in one oocyte, we identified PSSC of two chromosomes, 11 and 12 (Table 1 and Fig. 3 , E and F). Taken together, these results demonstrate that NGS-based CCS is a reliable and quantitative tool with which to identify chromosome-specific aneuploidy and the type of mis-segregation in the mouse oocyte.
NGS Can Be Used To Evaluate Relative Quantities of Mitochondrial DNA
In addition to evaluation of the chromosome complement of individual oocytes and polar bodies, WGA and NGS can be used to assess mtDNA (Table 3) . Specifically, the percentage of mtDNA in the polar body relative to that in the matched oocyte samples was evaluated. The first polar body contained between 0.1% and 8.8% of the total mtDNA relative to that in the oocyte. This relatively small amount of mtDNA in the polar body is expected, as meiosis results in highly asymmetric cell divisions to produce small polar bodies, such that the bulk cytoplasm remains in the oocyte to support further development.
NGS Based CCS Successfully Identifies Aneuploidy in Blastocysts
We next applied our NGS-based CCS technology for aneuploidy detection in individual preimplantation mouse blastocysts produced by IVM or IVO from reproductively young and aged females (Fig. 5A) . Importantly, our analysis was done using intact blastocysts, which precludes detection of mitotic errors. Thus, the aneuploidy we determined with this particular approach is limited to meiotic errors and may underestimate the total aneuploidy incidence in the preimplantation embryo. We amplified 387 6 55.6 ng/ll of DNA/ blastocyst (Fig. 1B) . In the reproductively young cohort, a total of 89 morphologically healthy COC were selected for IVM from 9 mice (;10 COC/female), and 199 COC were isolated from the oviducts of 5 mice (;40 COC/female) after IVO. Of fertilized IVM eggs from young females, 56.1% developed to the blastocyst stage. A subset of 33 blastocysts was analyzed by CCS; WGA was successful in 32 of them. Forty-six percent of the embryos were male. Aneuploidy in three blastocysts was detected (9.4%) ( Table 4) , with mis-segregation of single chromosomes (chromosomes 2 and 13) ( Table 5 ). Of fertilized IVO eggs from young animals, 56.4% developed to the blastocyst stage. WGA was successful in 27 of 29 embryos examined; 15% of the embryos were male. Only one blastocyst was aneuploid (3.7%, Table 4), with a segregation error in chromosome 8 (Table 5) .
In contrast to reproductively young mice, aged mice had fewer morphologically healthy COCs to be used for IVM, fewer ovulated COCs following IVO, and an increased incidence of aneuploidy compared to younger counterparts, despite successful fertilization and blastocyst development. Specifically, for aged IVM oocytes, a total of 55 CF1 mice 13.5 months of age were used to obtain 223 morphologically healthy COC (;4 COC/female). Following IVF and embryo culture, 75.8% of the fertilized eggs reached the blastocyst stage (160 of 211). For aged IVO oocytes, 10 CF1 females 13.5 months of age were used to obtain 106 COC following superovulation (;11 COC/female), and 72.7% of the fertilized eggs following IVF reached blastocyst stage (64 of 88 eggs).
To assess aneuploidy in these two aged cohorts, a subset of 67 IVM blastocysts was submitted for chromosomal analysis, and WGA was successful in 65 cases (Fig. 1B) . Twenty of the 65 embryos (30.8%) were aneuploid (Table 4) , with segregation errors involving multiple chromosomes (Table 4 and Figs. 4 and 5). Thirty-two of 65 embryos (45.7%) were male based on copy number states of the X and Y chromosomes ( Table 4) . Thirteen of the 20 aneuploid embryos possessed aneuploidy of a single chromosome, whereas the remaining embryos each had 2, 4, or 6 different chromosomes that contributed to aneuploidy (Table 5 ). For the IVO group, a subset of 50 blastocysts was analyzed, and WGA was successful in 47 cases. Six of 47 blastocysts were aneuploid (12.8%) (Table 4) , with segregation errors involving chromosomes 7, 8, 9, 12, 13,  15, 16, 18, and 19 (Fig. 4 and Table 4 ). Twenty-eight of 47 embryos were male (59.6%); 5 of the 6 aneuploid embryos had aneuploidy of a single chromosome (Table 5) .
DISCUSSION
In these studies, we validated and applied a sophisticated comprehensive chromosome screening method to further inform our fundamental understanding of aneuploidy in mouse oocytes and preimplantation embryos. We used physiological mouse models of reproductive aging to develop and optimize this technique, as it is well established that there is an ageassociated increase in the incidence of oocyte aneuploidy [29, 31] . Using WGA, we were able to reliably amplify DNA from single gametes (polar bodies and oocytes) and blastocysts and WHOLE-GENOME SEQUENCING FOR ANEUPLOIDY perform NGS to obtain a comprehensive and quantitative analysis of the ploidy status of each sample. We validated our approach using several controls including MEFs of known trisomy, the lack of the Y chromosome in oocytes, and the identification of reciprocal aneuploidies in matched oocyte and polar body pairs. In addition, we applied this technology to investigate aneuploidy in blastocysts originating from IVO and IVM oocytes from young and aged females. Using the combined approach of WGA and NGS, we noted that the incidence of aneuploidy in IVM oocytes and preimplantation embryos from aged females ranges between 15% and 31%. This degree of aneuploidy is higher than that reported in individual mouse somatic cells, in which the prevalence of aneuploidy in skin, liver, and brain cells was determined to be less than 5% [43] . Such differences are likely attributable to age-associated changes in aneuploidy, as the incidence of aneuploidy in young IVO-derived blastocysts was more similar to somatic cells at only 3.7%. Although we documented aneuploidy in oocytes from mice of advanced reproductive age (0-20% per female), this percentage is lower than that described previously [14, 16, 19, 21] . For example, the incidence of aneuploidy in B6D2F1 mice of advanced reproductive age was 35% [16] . Using the CD1 mouse strain, Merriman et al. [19] reported the incidence of aneuploidy to be 37.5% at 12 months and 60% at 15 months. There are several explanations for this apparent discrepancy. First, these previously published results are based on an in situ chromosome spreading technique, which is more subjective and therefore potentially more error-prone than the quantitative technique of NGS [44] . NGS is also not able to distinguish sister chromatids that have prematurely separated at metaphase II and that would then mis-segregate and contribute to aneuploidy upon completion of MII following fertilization. This would result in an underestimation of the aneuploidy incidence because premature dyad separation in MII may be a major origin of segregation error in mouse oocytes [26] . To TREFF ET AL.
fully elucidate these mechanisms, future studies performing CCS in the oocyte, first and second polar bodies are warranted to distinguish reproductive age-associated aneuploidies specifically due to MI and MII errors. Interestingly, the frequency of aneuploidy observed in IVM blastocysts from aged mice was markedly higher than that in IVM oocytes in this study. This may be due to a number of factors including the additional contribution of MII errors, the use of ovarian stimulation to obtain eggs for blastocyst production, the potential strainspecific differences in susceptibility to age related aneuploidy, and the difference in medium and protocols used for obtaining oocytes and embryos. All these factors represent areas of great interest for future investigation using this technology and model system. With this technology, we were able to obtain quantitative copy number information, providing insight into the type of meiotic errors that occur-either nondisjunction of homologous chromosomes or PSSC. Reciprocal gains or losses of individual chromatids were the most commonly observed missegregation events in oocytes from reproductively old mice. Although the dataset we generated as part of this proof-ofconcept study is small, these findings are consistent with previous mouse studies and clinical data from human assisted reproductive technology in which most aneuploidies are due to PSSC rather than nondisjunction [45, 46] . In fact, ageassociated loss of centromeric cohesion has been identified as a prime mechanism underlying PSSC in mouse and human [14, 32] . Our findings, therefore, add to the evidence that the aging mouse may provide a relevant model for the mechanisms of aneuploidy development in the human oocyte.
Using NGS-based CCS, we were able to identify the specific chromosome mis-segregation events that resulted in aneuploid oocytes and embryos. We found that, in most cases, complex aneuploidies were relatively rare (13% of all detected embryo aneuploidies, for example), and instead, aneuploidy was attributable to the mis-segregation of 1 or 2 chromosomes within a given oocyte or embryo. These results are consistent with those of previous mouse studies, which indicate that although advanced reproductive age is associated with general alterations in factors such as chromosome micromechanical properties and cohesion, these alterations do not translate into massive global aneuploidy of every chromosome [14, 16, 17, 19, 23, 26] . Interestingly, there did not appear to be an obvious pattern of chromosome-specific mis-segregation in the subset of oocytes and embryos we analyzed (Fig. 4) . For example, all aneuploidies did not appear due to a single chromosome or only small or large chromosomes. These findings are intriguing, and their significance will require further analysis.
An additional strength of this NGS strategy is that it can be used to simultaneously evaluate aneuploidy and mtDNA copy number within individual cells. Mitochondrial number, which can be inferred by mtDNA copy number, may be an important marker of gamete quality [47, 48] . Oocyte mitochondria provide critical energy stores to support the events of meiosis, fertilization, and early embryo development. Published data suggest that there is an association between oocyte mitochondria and aneuploidy in the human embryo, and this sequencing approach provides a new methodology to address this question [49, 50] . In our study, in half of the animals that had aneuploid oocytes, the aneuploid oocyte had the highest percentage of mtDNA in the polar body compared to the euploid oocytes from that individual animal (Table 3, animals A, B, G) . These results suggest that relative mtDNA quantities may be associated with aneuploidy during MI in mouse oocytes. However, additional studies with a larger sample size are warranted to examine this possibility. Should this association be confirmed, there are promising therapeutic strategies to reverse mitochondrial loss with ER stress inhibitors or chaperone inducers [51] .
When analyzing blastocysts, CCS using WGA and NGS confirmed the lower incidence of aneuploidy in blastocysts originating from young females compared to aged females. Thus, even though similar percentages of fertilized eggs from the two age cohorts progressed to the blastocyst stage, the higher incidence of aneuploidy in the aged females underscores significant reproductive age-associated differences in egg and embryo quality. When comparing the type of oocyte maturation used, there was no difference in blastocyst aneuploidy in young females, but blastocysts from females of advanced maternal age produced after IVM had more aneuploidy compared to IVO blastocysts. Data regarding aneuploidy in primate embryos produced after IVM are contradictory. Some reports have shown that there is not an increase in oocyte chromosomal abnormalities after IVM in humans [52, 53] . However, IVM can induce meiotic errors in oocytes from aged macaque females [54] , suggesting the susceptibility of older females to chromosome errors after IVM, similar to our report. Generally, oocytes have a higher frequency of abnormal meiotic spindles and chromosomal misalignment after IVM [55] . Meiotic aneuploidies are the major contributor to the increased rate of embryo aneuploidy with maternal age in humans, and chromosomal instability is common [56] . Our results suggest this deleterious effect may be accentuated in females of advanced reproductive age. The additional contribution of mitotic errors and mosaicism to chromosomal errors in the preimplantation embryo from reproductively aged females will require follow up studies using individual cells from trophectoderm biopsies or defining the sensitivity and specificity of identifying mosaicism within a multi-cell biopsy using cell line mixtures as a model. WHOLE-GENOME SEQUENCING FOR ANEUPLOIDY Taken together, our results demonstrate that CCS using WGA and NGS is a robust technique to evaluate chromosome segregation errors that can be applied to gametes and embryos of any species with a published and annotated genome. Moreover, this method is highly cost effective, making it accessible for use in most laboratories [49] . Because this technology identifies aneuploidy in a chromosome-specific and quantitative manner, it provides the field of reproductive science and medicine with a new tool for evaluating how age, environmental factors, and disease conditions influence aneuploidy in the gamete and preimplantation embryo. In addition, it could be used in future research to assess the effectiveness of therapeutic interventions to lower the incidence of oocyte and embryo aneuploidy in aged females.
